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ABSTRACT  Homologous  S35-1abeled  albumin,  gamma  globulin,  and  alpha- 
beta  globulin  were  transfused  into  rabbits  and  the  specific  activities  of the 
electrophorefic fractions of the sera of the recipients were determined at various 
time intervals up to  12 days after injection. Detectable reincorporation into a 
fraction other than that transfused was found only in the gamma globulin frac- 
tion  after albumin  injection.  This  activity rose  between  2  and  12  days  and 
reached a  level of 2 to 3 per cent of the extrapolated zero time activity of the 
albumin  fraction.  When  homologous  serum  protein  doubly labeled  with  I z31 
and S  3~ was transfused into mice, marked drops in the ratios of I nl to S  35 in the 
serum and tissue proteins were observed between 1 and 48 hours after injection. 
On  the  basis  of a  determination of the  absolute  and  relative amounts  of I m 
and  S  .5 found in  the  various  tissue  and  serum  proteins,  the  amount  of rein- 
corporation of S  3~ into each protein was  calculated.  The relative amounts of 
reincorporation of S  35  among  the  various  tissues  were  remarkably  similar  to 
the relative amounts of incorporation of S  ~  after the injection of labeled free 
amino acids.  It is concluded that serum protein does not form a  major direct 
source of amino acids to the tissues but feeds them indirectly through the extra- 
cellular pool. 
Little support can be found today for the once popular concept that proteins 
or  their  peptide  products  are  incorporated  directly into  new  proteins  with- 
out  breakdown  to  the  amino  acid  level  (1-4).  The  DNA-RNA  code  for 
amino  acids  based  on nucleotide triplets  appears  to leave little room or in- 
formation for a  concept involving the direct incorporation of peptides  (5-7). 
In addition,  considerable experimental evidence has accumulated for the in- 
corporation of labeled amino acids directly into proteins without the forma- 
tion of long lived intermediates.  These include experiments on formation of 
bacterial enzymes by Rotman and Spiegelman  (8) and by Monod  (9,  10), on 
ferritin in rats by Loftfield and Harris (11,  12), and on antibodies in rabbits by 
297 
The Journal of General Physiology~98  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  " 1963 
Taliaferro and Talmage  (13).  Furthermore,  experiments by Askonas and co- 
workers  (14)  on the  specific radioactivity  of the same amino acid in  several 
different peptides of casein and by Simpson and Velick (15) and Heimberg and 
Velick (16) on the relative specific activity of several amino acids in different 
proteins of muscle give strong evidence for the incorporation  of amino acids 
directly into these proteins. 
The  fate  of the  amino  acids  of catabolized  plasma  proteins  remains  un- 
certain.  The  present  experiments  were  designed  to  compare  free  labeled 
amino acids and internally labeled serum protein as the source of amino acids 
for the synthesis of new serum and  tissue proteins.  Two types of experiments 
were  employed.  By means  of continuous  flow electrophoretic  fractionation, 
the reincorporation  of radioactivity into one serum protein was measured fol- 
lowing  the  injection  of another  internally  labeled  separable  protein.  The 
extent of this reincorporation  was compared with that following the injection 
of free labeled amino acid. 
In another  type of experiment  doubly labeled serum  (internally  with  S 35, 
externally with I TM  ) was injected into mice and the specific activity of newly 
synthesized  protein  (  lacking  I TM)  was  measured.  In  general,  the  incorpo- 
ration  of  amino  acids  into  all  proteins  occurs  more  efficiently  (i.e.,  to  a 
greater  percentage  of the  injected  dose)  following  the  injection  of labeled 
protein  then following the injection  of free amino acid.  However, there  was 
little  change  in  the  relative  amounts  of radioactivity  incorporated  into  the 
various proteins. This indicates that either  (a) there is a remarkable synchrony 
between  plasma  protein  breakdown  and  the  rate  of new  protein  synthesis 
among  the  diverse  cells of the  body or  (b)  plasma  protein  breakdown  does 
not provide a  significant source of amino acids directly to cells but feeds them 
indirectly through the extracellular pool of amino acids. 
MATERIALS  AND  METHODS 
Animals  The animals  used included male albino rabbits of 2000 to 3000 gin, 
adult male guinea pigs of 470 to 800 gm, adult male albino rats of Sprague-Dawley 
strain  weighing 250 to 350 gm,  and  6 week old white mice weighing  15 to 30 gm. 
Prior to experiments all animals were starved overnight and had unrestricted  access 
to water.  In the case of recipient mice injected with doubly labeled serum proteins, 
the drinking water contained 4 gm NaC1 and  100 mg of KI/liter. 
S~-Labded Amino  Acids  The labeled amino acids included: 
(a)  S  ~5 yeast hydrolysate, which was obtained from Abbott Laboratories or pre- 
pared  by  hydrochloric  acid  hydrolysis  of Saccharomyces cerevisiae cells  grown  in  a 
synthetic medium containing  sulfate S  ~5 (17).  Before injection,  the hydrolysate was 
neutralized with NaOH to a pH of 7.3. The final composition varied somewhat from 
batch to batch but the principal S  35 constituents of the preparations used were L-me- 
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per cent  respectively.  No  estimate of the  specific activity of the  S  z~ amino  acids  in 
these preparations is available. 
(b)  S  ~  L-cystine from Abbott Laboratories with specific activity between 0.01  and 
0.02  mc/mg.  These  preparations  were  administered  as  stable  emulsions  formed  by 
suspending the crystalline amino acids in a  mixture of 9 ml of 0.85 per cent physio- 
logical saline and 80 mg of carboxy-methoxycellulose 70-H. 
(c)  S  s~ L-methionine from Abbott  Laboratories with  a  specific activity of 0.0198 
me/rag and dissolved in  10 ml of 0.85 per cent physiological saline. 
Continuous Flow Paper Electrophoresis  Continuous  flow electrophoresis  on  filter 
paper was used to fractionate serum proteins. The two instruments employed in these 
studies were: (a) the Beckman Spinco model CP continuous flow paper electrophoresis 
cell and  (b)  the Beckman Spineo  model CPD  constant regulated  power supply.  All 
separations were performed in pH 8.6 veronal buffer, 0.02 ionic strength.  The entire 
CP cell was operated at 4°C in a  Spinco accessory refrigerator. 
Radioassay  Oxidized  copper planchets with  an  area of approximately 10 cm  2 
were used for mounting the protein solutions. Radioassays were made in duplicate in a 
Nuclear-Chicago  model  Cl15  low  background  gas  flow Geiger counter.  The  gross 
count rates were corrected for background and radioactive decay but were below the 
limits  requiring  correction  for coincidence.  Since  dry  weights  of the  samples were 
small and constant  (4 to 5 rag), no correction for serf-adsorption was made.  A  mini- 
mum predetermined count of 1280 was employed for all samples. 
Separation of Peptide-Bound S 35 Activity  from  Free and  Disulfide-Bound  Activity  In 
order to separate protein-free and disulfide-bound S  35 activity from that incorporated 
by peptide  bonds,  a  method  combining NaHSO3 reduction  and  trichloracetic  acid 
(TCA) precipitation was employed (18).  Following completion of the electrophoretic 
separation,  duplicate,  0.5  ml  aliquots  from each  tube  were  plated  for  radioassay. 
A  second set of 0.5 ml aliquots from the same fractions was precipitated with 20 per 
cent TCA and the precipitate washed with 2 ml of 10 per cent TCA. The precipitate 
was then dissolved in 0.04 N NaOH and plated for radioassay. In a third set of analyses 
the same procedure was used except that before precipitation with TCA, the 0.5  ml 
aliquots were incubated with 0.05 ml  1 N NaHSO3 for  1 hour at 37°C.  A  difference 
between the first two assays would indicate free amino acids, and a difference between 
the last two assays would  indicate  disulfide-bound  amino acid. 
Protein Determination  With  each  set  of analyses,  aliquots  of the  same  volume 
(0.5  ml) were used for the  determination  of the  optical density  (OD)  in  the  Folin- 
Ciocalteu  procedure  as  modified  by Lowry et al.  (19). 1 Colorimeter readings  ¢¢ere 
made  in  the  Model  DU  Beckman spectrophotometer at  750  mtz.  Chemically frac- 
tionated  human  gamma globulin  (HGG), lot  17968,  obtained from Cutter  Labora- 
tories served as a  standard.  The HGG was prepared in a  large batch at a  concentra- 
tion of 100 ~g nitrogen per ml as determined by the microKjeldahl method of Lanni 
(20) and divided into small ampoules, which were kept at  --20°C. A  single ampoule 
z Solution of B(3) was kept at a  I:10 dilution to increase its stability and I0 ml instead of 1 ml was 
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was thawed  and diluted  for a  standard  curve with each set of Folin determinations. 
All results were expressed in  HGG-OD equivalents,  which is the number of micro- 
grams of HGG nitrogen per milliliter giving the same OD in the Folin test. Through- 
out  this  paper  the  term  "specific  activity"  (SA)  refers  to  the  figure  obtained  by 
dividing the net counts per minute by the HGG-OD equivalents of the same sample. 
Preparation of  Tissue Samples  Following exsanguination of mice, 0.06 to 2.0 gm 
of the organs were removed, rinsed with saline, suspended in 10 ml saline, and ground 
in a  Waring blendor at 4°C.  After grinding,  the cell mass was washed three times in 
10 ml saline, and three times in  10 ml distilled water by centrifugation for 30 minutes 
at 900  X  g  at 4°C.  Supernatants  from washings were  discarded  and  the  sediment 
resuspended in  10 ml distilled water. This cell suspension was sonically disrupted for 
5  minutes  in  a  Raytheon  9  kc  magnetostriction  oscillator  and  centrifuged  for  60 
minutes  at  900  X  g  at  4°C.  and  decanted.  The  supernatant  was  used  for further 
analysis. 
1  TM labeling of serum proteins 
I.  TRACE-LABELED  SERUM PROTEIN  The  following  modification  of the  method  of 
Talmage et al. (21) was used. A mixture of 1.6 mc carrier-free pl  and 0.1 ml of N/6 KI 
was oxidized by adding 0. I  ml of 0.5 N HCI and 0.05 ml of 0. I  N NaNO~. Additional 
HCI was added dropwise to bring the pH in the range of 3.5 to 5.0. The excess nitrous 
acid was reduced by adding 0.05 ml 0.5 N urea. This L-131 solution was then mixed 
rapidly  with  2.0  ml  of undiluted  mouse serum internally  labeled  with  $35; 0.5  ml 
carbonate buffer pH I0.5 was added dropwise immediately and resulted in a prepara- 
tion with a  final pH of 9.5.  Initial uptake of I TM was 39 per cent and after treatment 
with resin 2 more than 98 per cent of I TM was protein-bound. 
2.  HEAVILY  IODINATED  LABELED  SERUM  PROTEIN  A  KI-12 solution  was  prepared 
containing 1.4 gm of KI and 2.5 gm Is in 10 ml water. 400 #c carrier-free 1  la~ in a total 
volume of 0.5 ml or less was mixed with 0.4 ml KI-I2 in a test tube. To this mixture 2 
mi undiluted  mouse serum internally labeled with S  36 was added rapidly and 0.5 ml 
carbonate buffer pH  10,5 was added  dropwise with constant mixing,  Uptake of I TM 
measured by TCA precipitation and washings was 16 per cent. Free I TM was removed 
by dialyzing for 3 days against 0.85 per cent saline at 4°C. 
Calculation  of Doubly  Labeled  Samples  The samples containing  both S  ~5 and  I TM 
activities were counted twice 3 to 4 weeks apart along with standard samples of each 
isotope alone. The component activities were calculated from decay rates of the two 
isotopes using the following formulae: 
S~  _  C2  -  Cl(Ie) 
Sd  --  Ia 
Ii  TM  :  C1  --  8?  5 
2 Iodinated serum was passed through two resin columns, approximately 1 X 6 cm, made from equal 
parts of (a) bio-rad AG 1 X 8, 200-400 mesh and (b)  amberlite CG-4B, 200-400  mesh, both chlo- 
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where  Sz  35  = 
I1  TM  = 
G  = 
G  = 
Id  = 
Sd  = 
Calculation 
total S  3~ activity at the time of the first counting 
total I  TM activity at the time of the first counting 
total radioactivity obtained at the time of the first counting 
total radioactivity obtained at the time of the second counting 
fraction of I TM activity remaining  at the second counting 
fraction of S  35 activity remaining at the second counting. 
of Relative Labeling Index  (RLI)  This  term refers to the  S  35 specific 
activity of tissue or serum protein after correcting for the weight of the animal and dose 
injected according to the following formula: 
RLI  =  SA X  (lO°)(weight of animal in grams) 
Total injected counts 
The relative labeling index for newly synthesized protein  (RLI)~ was calculated by 
the following formula: 
(RLI)~r  =  (1  -- 
observed ratio ~1 
~f/1  /  X  (total RLI) 
injected  ratio gg/ 
Calculation of Per Cent of the Injec'ed Dose in  Total Serum Protein  The per cent of 
the injected dose of radioactivity in total serum protein was calculated by the following 
formula: 
Per cent  =  (0.048)  X  (RLI) 
which is derived from the assumptions that  1 ml serum contains 6 mg N and that the 
total body serum space is 80 ml per kg. 
Means and standard errors were calculated by standard procedures. 
EXPERIMENTAL  DESIGN  AND  RESULTS 
Preparation  of Serum Protein Fractions from Donor Rabbit  For 48 hours prior 
to the administration  of S ~5 yeast hydrolysate, the donor rabbit was fed a  diet 
whose only nitrogen  source  consisted  of a  standard  mixture  of amino  acids 
similar to that previously described (22, 23) except for the omission of methi- 
onine and cystine. This deletion was found to give a higher yield of the labeled 
isomers in  the donor proteins.  The rabbit then  received a  single intravenous 
dose of 4.0  mc S 85 yeast hydrolysate per kg body weight.  Eight  hours  after 
the administration  of radioactivity the donor animal was exsanguinated.  The 
serum obtained was dialyzed immediately against veronal buffer (pH 8.6, ionic 
strength  0.02)  overnight  at  4°C.  After  dialysis  the  serum  was  fractionated 
the same day by paper curtain electrophoresis at a flow rate of 1.6 ml per hour. 
Following the completion of electrophoresis,  aliquots were taken from each 302  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  "  I963 
collecting  tube  to  measure the  specific activities  of the  respective fractions 
according to the three experimental procedures described above (total, TCA- 
precipitable,  and NaHSO~-TCA-precipitable  activities).  This identified the 
protein fractions and tested for residual non-incorporated (protein-free and di- 
sulfide-bound) S 35 activity present in the fractions to be transfused to recipi- 
ents.  The  results  are  presented in  Fig.  1.  In  this  figure  the  HGG  optical 
density equivalents  and  the  specific activities  obtained  with  the  three  pro- 
cedures are plotted on the ordinate versus tube numbers on the abscissa.  The 
pattern of the unprecipitated and TCA-precipitated activities closely paral- 
[]  Unprecipitated  '~  1160 
•  Precipitated  with TCA  ~t 
IO00  z~ NaHSO3+TCA  /  fl40  m 
>,  500  ~ 
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FIGURE  1.  The distribution of total,  TCA-precipitable, NaHSOr-TCA-precipitable 
radioactivity, and corresponding optical density equivalents among the serum protein 
fractions of the rabbit 8 hours after intravenous injection of S  35 yeast hydrolysate. 
leled that following NaHSO3 treatment. The specific activities obtained with 
the three procedures were identical within experimental error indicating that 
disulfide-bound  or  protein-free  S 35  amino  acid  was  not  detectable  by  this 
method.  Thus,  essentially the  only source of radioactivity available  to  the 
recipients was  that  incorporated in  the  transfused internally labeled  serum 
proteins. 
Transfusion  of Serum  Protein Fraction  to Recipient Rabbits  Following com- 
pletion of the protein determinations, the contents of the collecting tubes were 
pooled into  three fractions identified as  gamma  (tubes  7  to  11),  alpha-beta 
(tubes 15 to 20), and albumin (tubes 26 to 30). The pooled fractions were then j.  RADOVICH,  A.  SZENTIVANYI, AND D.  W.  TALMAGE  Origins  of Tissue Protein  303 
adjusted  to  physiological salt  concentration by the addition  of  10  per  cent 
NaC1,  and  injected intravenously into  three rabbits.  The  amounts injected 
contained  136,  98,  and 422  nag protein, and approximately 6,  20, and 60  #c 
S 8s activity in the gamma, alpha-beta, and albumin fractions respectively. The 
volume injected in each case approximated 30 ml. 
Periodic samples of blood were withdrawn from the recipients, the sera were 
fractionated  by  curtain  electrophoresis,  and  the  specific  activity  of  each 
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FICURE 2.  The distribution of 
NaHSOa-TCA-precipitable ra- 
dioactivity  among  the  serum 
protein fractions of the recipi- 
ent  rabbit  after  intravenous 
injection of homologous  gamma 
globulin fraction. 
fraction was determined. The data from the three recipients are presented in 
Figs.  2  to  4.  In  these  figures  the  specific  activities  (NaHSO3-TCA-pre- 
cipitable) obtained in the recipients at the indicated time intervals along the 
entire electrophoretic range are plotted on the ordinate against tube numbers 
on the abscissa. 
Detectable reincorporation into a  fraction other than  that  transfused was 
found only in  the  globulin  fractions after albumin  injection.  Although  the 
specific  activity of the  globulin  fraction  reached  values  of only 0.2  to  0.3 
counts  per  microgram nitrogen,  this  activity was  not  detectable  in  the  5 
minute and  24 hour samples,  and  rose consistently between 2  and  12  days 
while the albumin activity was declining. 3o4  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  "  1963 
In  Fig.  5,  the  calculated  specific activities  of the  electrophoretic  peak of 
each fraction  are plotted semilogarithmically  as ordinate values against time 
on the abscissa. Half-life values, based on the exponential portion of the curves, 
were 104 hours for the gamma globulin fraction and 202 hours for the albumin 
fraction.  The alpha-beta fraction appeared to be much more inhomogeneous 
and no meaningful  half-life could be obtained. 
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dioactivity  among  the  serum 
protein fractions of the recipient 
rabbit  after  intravenous  injec- 
tion of homologous alpha-beta 
globulin fraction. 
The Incorporation of Free Amino Acids in the  Total Serum Proteins of Various 
Species  Groups of mice, rats, guinea pigs, and rabbits were injected with 0.16 
to 0.5 mc/kg of S ~5 e-methionine,  S 3s e-cystine, or S 35 yeast hydrolysate amino 
acids.  After injection,  animals were bled at intervals  as indicated in Table I. 
The  total  serum proteins from all  animals  of each  group  (diluted  for con- 
venience with 0.04 N NaOH) were analyzed for specific activity after precipi- 
tation with TCA in the presence of NaHSO3 and the relative labeling index 
(RLI) was calculated.  Since the incorporation,  as measured by RLI, within 
the same group did not show significant differences among  the animals  bled 
from 4 to 24 hours, values of RLI within these limits were averaged. The per 
cent of the injected dose of radioactivity incorporated  into total body serum j.  RADOVIOH, A.  SZENTIVANYI, AND D.  W.  TALMAGE  Origins  of Tissue Protein  305 
proteins  was  calculated  as  described  above.  The  results  given  in  Table  I 
indicate  significant  differences among  the  various  species in  the  fraction  of 
injected S 8s which was incorporated into serum protein. 
Injection of Free S 85 Amino Acids into Recipient Mice  From the three groups 
of mice (included in the previous experiment on various species), the sera and 
various tissue samples were taken 24 hours after administration  of S 35 amino 
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FIGURE 4.  The distribution  of 
NaHSOs-TCA-precipitable  ra- 
dioactivity  among  the  serum 
protein  fractions  of the  recipi- 
ent  rabbit  after  intravenous 
injection  of  homologous  albu- 
min fraction. 
acids for estimation  of S 35 specific activity  (NaHSO3-TCA-precipitable  ac- 
tivities). The RLIs of serum and tissue proteins were calculated for all animals 
of each group, and corresponding values were averaged.  The results are pre- 
sented in Table II. The first vertical column in each group indicates the RLI, 
and the second vertical column shows the ratios of RLI of each tissue protein 
to the RLI of serum protein in the same group.  Comparing the data between 
the groups, the highest incorporation in serum and tissue protein was achieved 
when yeast hydrolysate was used as the source of labeled amino acid. Compar- 
ing the data among  the various tissues within  the same groups,  the intestine 
showed  the  greatest  incorporation,  brain  and  skeletal  muscle  the  lowest,  in 
agreement  with  the  earlier  observations of Seligman  and  Fine  (24),  Tarver 
and Schmidt  (25),  and  Szentivanyi et al.  (18, 22). 306  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  • z963 
Transfusion of Doubly Labeled Serum Protein to Recipient Mice  Transfusion of 
doubly labeled proteins  (internally with S 35, externally with I TM)  was carried 
out on two groups of mice, one with heavily iodinated  S 35 proteins,  the other 
with trace iodinated S 35 proteins.  Internally labeled S 35 protein  was obtained 
from twenty mice by pooling the sera 24 hours after intraperitoneal injection of 
0.25 me S 3s yeast hydrolysate per mouse. Serum was dialyzed overnight against 
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Fmum~. 5.  The specific activities of homologous donor-labeled alpha  -t- beta globulin, 
gamma globulin, and albumin at various time intervals following intravenous infusion 
into recipient rabbits. Half-life values based on the exponential portion of the disappear- 
ance curves are 104 and 202 hours for gamma globulin and albumin, respectively. 
0.85 per cent saline at 4°C, and an aliquot diluted in duplicate (1:50 with 0.04 
N NaOH) for determination of specific activity. The specific activities obtained 
directly  and  by precipitation  with  TCA  in  the  presence  of NaHSO~  were 
identical  within  experimental  error,  indicating  that  all  radioactivity  in  the 
internally labeled serum proteins was incorporated.  Following the dialysis, the 
serum was divided into two equal parts and these were externally labeled with 
I TM  according  to the two different labeling procedures,  previously described. 
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TABLE  I 
THE  INCORPORATION  OF  FREE  AMINO  ACIDS  INTO 
THE  SERUM  PROTEINS  OF  VARIOUS  SPECIES 
Injected  S- 
incorpora ted 
Time  Mean of RLI  into total 
No. of  Injected  St~  after  Route of  of serum protein  body serum 
Species  animals  isotopes  injection  injection  and sz  proteim 
hrs.  per cent 
Mice  10  S a6 T.-methioninc  24  i.p.  10.3  4-1.9  0.50 
Mice  8  S s~ L-cystine  24  i.p.  13.3  4-1.8  0.64 
Mice  22  S 86 yeast hydroly-  24  i.p.  37.6  4-3.3  1.81 
sate 
Rat  16  S a5 yeast hydroly-  4-6  i.p.  178  4-3  8.56 
sate 
Guinea  pig  3*  S 85 L-methionine  4-24  i.p.  149  4-20  7.15 
Guinea  pig  3*  S a5 L-Cystine  4-24  i.p.  97  4-17  4.50 
Guinea  pig  12  S a~ yeast hydroly-  4-20  i.p.  140  4-7  6.73 
sate 
Rabbit  14  S 35 yeast hydroly-  4-24  i.m.-i.v.  71.4  4-7. I  3.45 
sate 
* The same animals were bled at 4  and 24 hours, and the results given are the average of six 
determinations. 
peritoneal injection of 0.30 mg per mouse of heavily iodinated S ~s protein, and 
seven mice in the second group 0.10 mg per mouse of trace iodinated S 85 pro- 
teins. At  1,  6,  24,  and 48 hours,  two animals for each time interval of both 
groups  (except  in  second  group  only  one  animal  at  48  hours)  were  ex- 
TABLE  II 
RELATIVE  LABELING  INDEX  OF  PROTEINS  OF  RECIPIENTS 
24  HOURS  AFTER  INJECTION  OF  FREE  AMINO  ACIDS 
Protein 
Group I 
Injected S~ L-methionine 
Ratio 
RLI  tissue 
serum 
Group II  Group III 
Injected  S~ L-Cystine  Injected  S~ yeast 
hydrolysate 
Ratio  Ratio 
RLI  tissue  RLI  tissue 
serum  serum 
Serum  12.9  1.00  13.3  1.00  37.6  1.00 
Intestine  10.3  0.80  30.0  2.26  44.2  1.17 
Spleen  6.58  0.51  20.9  1.57  22.0  0.58 
Kidney  7.07  0.55  14.3  1.08  20.5  0.54 
Liver  5.73  0.45  12.9  0.97  31.8  0.85 
Lung  4.74  0.37  11.0  0.83  21.5  0.57 
Heart  muscle  2.19  0.17  4.89  0.37  12.6  0.33 
Brain  2.90  0.23  2.13  0.16  9.67  0.26 
Skeletal  muscle  0.57  0.04  0.79  0.06  2.50  0.07 
Numbers  represent the average of 10, 8,  and 22 mice in groups  I,  II,  and III. 308  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  "  I963 
TABLE  III 
I131 
RATIO_---=  IN  RECIPIENTS  OF  DOUBLY  LABELED  PROTEINS 
Group I  Group II 
Time intervals after injection of  Time intervals after injection of 
heavily iodinated Sss proteins  trace iodinated Ss5 proteins 
Protein  1 hr.  6 hrs.  24 hrs.  48 hrs.  I hr.  6 hrs.  24 hrs.  48 hrs. 
Serum  12.0  2.90  0.68  0.42  63.5  75.8  15.5 
9.54 
11.3  6.92  1.21  0.02  76.8  55.3  13.7 
Intestine  9.63  2.14  0.73  0.27  50.7  7.65  0.52 
10.I  2.09  1.79  0,55  72.0  5.41  1.55  0.87 
Spleen  11.3  3.60  7.80  9.19  60.9  43.7  1,01 
10.9  6.63  9.07  45.4  20.5  3.57  1.05 
Kidney  13.6  2.80  1.79  1.28  49.9  33.6  1.89 
13.4  5.63  4,36  1.41  67.3  10.5  2.29  0.43 
Liver  9.93  7.71  16.7  7.77  46.7  25.1  4.08 
15.7  10.4  11.2  7.69  59.2  11.8  2.66  1.71 
Lung  8.13  3.96  2.92  0.33  63.4  45.2  8.65 
9.22  5.55  4.54  0.31  60.7  37.5  3.60  1.58 
Heart muscle  3.34  3.67  1.55  1.41  48.2  29.9  3.3l 
12.0  5.74  3.77  2.36  69.7  44.4  13.7  2.36 
sanguinated and various tissues removed. The serum and tissue samples pre- 
pared  as  described  previously  (NaHSO3-TCA-precipitable  activity)  were 
counted twice at  3  to 4  weeks apart,  and the contribution of both isotopes 
TABLE  IV 
RELATIVE  LABELING  INDEX  OF  TOTAL  S s5  OF 
RECIPIENTS  OF  DOUBLY  LABELED  PROTEINS 
Group I  Group II 
Time intervals after injection of  Time intervals after injectLon of 
Protein  heavily iodinated $85 proteins  trace iodinated Sas proteins 
1 hr.  6 hrs.  24 hrs,  48 hrs.  1 hr.  6 hrs.  24 hrs.  48 hrs. 
Serum  374  32.7  111  83  438  484  223 
51.2 
208  153  129  105  628  355  194 
Intestine  24.9  30.2  68.7  36.1  28.9  43.9  105 
25.0  64.3  130  91.5  15.1  65.3  50.9  39.4 
Spleen  101  16.3  59.2  38.1  94.1  52.8  141 
77.1  42.4  87.3  151  116  69.4  62.9 
Kidney  41.6  12.7  40.8  40.1  83.3  76.3  81.9 
44.4  20.6  45.2  39.3  75.6  83.4  60.2  59.0 
Liver  141  42.9  108  89.1  116  90.9  77.4 
117  90.6  247  108  151  116  83.3  66.9 
Lung  78.6  7.26  28.6  28.6  51.7  38.1  27.3 
91.1  21.8  54.8  39.3  86.9  43.5  55.6  31.5 
Heart muscle  76.3  6.65  82.3  16.3  47.1  32.3  31.9 
23.3  14.1  37.3  19.7  30.3  14.5  9.26  19.7 J.  RADOVICH,  A.  SZENTIVANYI,  AND  D.  W.  TALMAO~  Origins  of Tissue Protein  309 
1> 
[.., 
z 
O 
< 
.< 
09 
..= 
~"  =z 
.< 
~J 
v 
,..1 
t.O  ~  oq  cO  tt~ 
O 
oq 
cO  oq" 
>. 
"O  ~> 3Io  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  •  ~963 
calculated by  the formulae given.  The ratios  of 1  TM  tO  S  ~5  in  the  injected 
materials amounted to  12.8 in the first group, and 73.7 in the second group. 
The ratios in the recipients following injection of doubly labeled proteins are 
presented in Table III. 
The numbers in Tables III through V represent determinations from indi- 
vidual mice. From Table III it can be seen that a drop in the ratio of external 
to internal label occurred in aU samples, except in the liver and spleen follow- 
ing the injection of heavily iodinated serum protein. On the other hand the 
highest I131/S  85 ratio remaining at 48 hours after injection of trace iodinated 
serum protein was in the serum. This would indicate that the heavily iodinated 
protein tended to be concentrated in the liver and spleen, and that the lightly 
iodinated protein which was not yet catabolized remained in the serum. 
Relative labeling indices (RLI) of tOtal  S  35 and newly synthesized protein 
of recipients of doubly labeled proteins were calculated and the results are 
presented in Tables IV and V. By comparing the RLI of reincorporated S  ~5 
(Table V) at 24 and 48 hours with that obtained following the injection of free 
amino acids  (Table II) it can be seen that the pattern of incorporation be- 
tween the serum and various tissues is remarkably similar although the abso- 
lute values are somewhat higher following the injection of labeled protein. 
DISCUSSION 
As indicated in  the introduction, experiments once considered evidence for 
protein interconversion must now be given other explanations. The work of 
Whipple  and  his  coworkers  (1-3)  showed  that  injected  C 1~  lysine-labeled 
plasma is converted to tissue C 14 with much less loss of C 14 in air and urine 
than when the same plasma was taken orally. This may indicate that amino 
acids are utilized more efficiently if presented to the tissues at a slow constant 
rate over a long period of time than if presented as a sharp pulse, as follow- 
ing a meal. The sharp pulse probably causes a rise in plasma free amino acid 
levels leading to loss of the amino acids ~n the urine and the stimulation of 
catabolic processes.  The increased efficiency of utilization of injected plasma 
protein S  8~ compared to injected free amino acid S  s5 can be seen in the present 
experiments in  the  higher  relative  labeling  indices  obtained  in  all  newly 
synthesized  tissue  proteins  following  plasma  protein  injection  (Tables  II 
and V). 
The failure of non-radioactive leucine to reduce the incorporation of C 14 
from C14-1abeled plasma protein in the experiments of Babson and Winnick (26) 
may have been due to the relatively short duration of the pulse of non-radio- 
active leucine compared to the time required to break down and reutilize the 
injected protein. An alternative explanation for the apparent incorporation of 
labeled protein into tissue protein or cells grown in culture is that the original 
protein is absorbed and remains in an unaltered state.  In the present experi- .1.  RADOVIGH, A.  SZENTIVANYI, AND  D.  W.  TALMAGE  Origins  of Tissue Protein  3i I 
ments the lack of change in the ratio of external to internal label  (Table III) 
in the protein of the liver and spleen following the injection of heavily iodi- 
nated plasma protein would indicate the persistence of the injected protein in 
these tissues. 
Following  the  injection  of  S~5-1abeled  homologous  albumin  into  rats, 
Maurer and Mtiller (27) found a  maximum reincorporation into globulins of 
5 to 13 per cent of the extrapolated zero time level of the S  85 albumin fraction. 
From this they concluded that the albumin was converted quantitatively into 
globulin  on  the  basis  of mathematical  calculations  involving the  turnover 
rates of the two classes of protein.  The results of the present experiments in 
rabbits  were  not  substantially  different,  yielding  a  reincorporation  into 
globulin to a  specific activity of 2 to 3 per cent of the extrapolated zero time 
specific activity of the albumin fraction. Reincorporation reached a maximum 
level in the rabbit in 7 to 12 days compared to 2 to 4 days in the Maurer and 
Mtiller (27) rats which is compatible with the difference in turnover rates of 
albumin in the two species. Despite the similarity in our results, it seems neces- 
sary to make an entirely opposite conclusion from that derived by Maurer and 
Mtiller (27); namely, that these experiments do not provide evidence that the 
amino  acids  from  albumin  breakdown  are  selectively  incorporated  into 
globulin. In our opinion Maurer and MOiler (27) underestimated the fraction 
of the free amino acid pool which normally goes into globulin synthesis and 
they also underestimated the  specific activity which would result from the 
quantitative conversion of albumin into globulin.  8 The present experiments as 
well as those of Goldsworthy and Volwiler (28) indicate that in a wide range of 
species the peak radioactivity of the total body plasma can account for 1 to 8 
per  cent of an  injected labeled  amino acid.  Since  the rat  gives nearly  the 
highest percentage incorporation into plasma, approximately half of which is 
globulin, and plasma protein catabolism leads to more efficient utilization than 
an injection of free amino acid, the 5 to 8 per cent incorporation into globulin 
obtained by Maurer and Mtiller (27) in the rat and the 2 to 3 per cent in the 
rabbit in the present experiments  (Table  I)  would appear  to be within the 
range to be expected from non-selective reincorporation. 
The experiments presented here using doubly labeled plasma were under- 
taken  to  test further  the hypothesis that amino acids derived from protein 
catabolism can be used preferentially by the tissues in which the breakdown 
occurs. Both heavily and trace iodinated plasma were strongly concentrated 
in the liver and spleen as compared to the intestine, as indicated by the total 
S  ~5 activity present in these tissues 1 hour after injection (Table IV). Follow- 
ing the injection of heavily iodinated protein, the ratio of internal to external 
In their mathematical treatment they used as a  turnover rate for globulin a value four times that 
of albumin. This is probably the maximum turnover rate in the heterogeneous mixture, the average 
being approximately equal to albumin. 3z2  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  "  X963 
label and  the total  S  3~  activity in  the liver and spleen remained relatively 
constant for over 48 hours indicating that little of the amino acid derived from 
protein breakdown in the liver and spleen was reincorporated into the protein 
of these organs. The S  ~5 specific activity of the intestine protein rose during the 
first 24 hours with a marked drop in the I131/S  35 ratio, indicating synthesis of 
new protein from labeled amino acid obtained by breakdown elsewhere. The 
activity of newly synthesized serum protein  and  intestine  protein  rose  at 
approximately the  same  rate,  although  the  labeling  indices  of both  were 
several fold higher than that seen after an injection of labeled free amino acid. 
Since the serum proteins are synthesized largely in the liver and lymphoid 
organs,  these results  also  indicate that  the  amino acids obtained from the 
protein concentrated in  the liver and spleen have little  if any preferential 
reincorporation into the protein synthesized by these organs. An alternative 
explanation might be that the original localization of serum protein has no 
relation to the rate of its breakdown, and that the latter is somehow closely 
synchronized to the rate of new protein synthesis among the  diverse  tissues 
of the body. There is no evidence for such a  synchronization and it seems 
unlikely for the biological reason that it would have no apparent advantage in 
a  homeostatic environment.  Consequently we  are  forced to  conclude that 
plasma protein breakdown probably does not provide a  significant source of 
amino acids directly to tissues,  but feeds them indirectly through the extra- 
cellular pool of free amino acids. 
Walter et al.  (29) injected doubly labeled rabbit serum albumin into rabbits 
and demonstrated a rapid increase in the S  3~ to I  TM ratio of tissue protein. Due 
to the slower catabolism of rabbit albumin compared to the mouse proteins 
used in these experiments, the $85/I  TM ratio of the serum protein did not change 
markedly  during  the  course  of  their  experiments,  indicating  incomplete 
catabolism of the injected protein. For this reason they did not find a greater 
relative specific activity  4 (RSA)  of tissue  protein following the injection of 
doubly labeled protein than after the injection of S35-1abeled amino acids. 
However, the general pattern of labeling among the tissues  studied and the 
order of magnitude of this labeling were quite comparable to those found in 
the present experiments. 
Although the present experiments indicate that serum proteins do not pro- 
vide a major direct source of amino acids for the tissues,  they do not rule out 
selective reincorporation at the cellular level. Minor differences  in the patterns 
of S  85 incorporation and reincorporation in the various tissues are seen in the 
present experiments, but because of the wide animal to animal variation none 
of these could be considered significant. It is possible that the minority of cells 
engaged in the phagocytosis and breakdown of foreign (and possibly native) 
4 The  RLI  used in our  tables can  be converted  to their RSA  by multiplying  by the factor 0.016. J. RADOVmH, A. SZENTIVANYI,  AND D. W. TALMAOE  Origitts  of Tissue Protein  313 
protein selectively reincorporated the amino acids derived therefrom. How- 
ever, such selective incorporation, if it exists, probably cannot be demonstrated 
by an  analysis  of tissue protein,  but might be  seen by a  radioautographic 
examination of tissues following the injection of a doubly labeled protein. The 
possibility of such selective reincorporation is suggested by evidence that the 
intracellular free amino acids are not in an immediate equilibrium with the 
extracellular pool (30, 31). 
Received  for publication, April 8,  1963. 
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